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. Environmental factor-induced perturbations of the gut microbiome are associated with multiple diseases, such as obesity and diabetes. For example, it has been shown that antibiotics can shift the composition of the gut microbiome, which dysregulates host immune homeostasis and increases host susceptibility to Clostridium difficile infection (Theriot et al., 2014; Willing et al., 2011) . Likewise, artificial sweeteners alter the normal composition of the gut bacteria and directly affect host glucose intolerance (Suez et al., 2014) . However, in addition to modulating the effects of xenobiotics on the gut microbiome, gut bacteria can also influence the absorption and biotransformation of xenobiotics, which can alter their effects on the host. For example, gut bacteria can transform highly toxic Cr(VI) into Cr(III), thereby reducing its toxicity and providing high tolerance to Cr(VI), while some other xenobiotics, such as nitrazepam, are converted by gut bacteria into more toxic species (Takeno and Sakai, 1991; Younan et al., 2016) . The interaction between the gut microbiota and xenobiotics can have a substantial influence on the toxicity of xenobiotics and host disease outcomes.
Arsenic is a ubiquitous environmental contaminant that is widely distributed in soil and water and affects millions of people around the world (Chakraborti et al., 2016) . Arsenic exposure is associated with a variety of human diseases, including diabetes, cardiovascular disease, and cancers, in multiple organs (Hughes et al., 2011; Steinmaus et al., 2014) . Contaminated drinking water and food are the major sources of arsenic in both humans and animals, and the gastrointestinal tract is therefore nearly always the first location at which arsenic exposure and its biotransformation occur. Our previous results showed that 4 weeks of exposure to 10 ppm of arsenic perturbed the composition of the mouse gut microbiome and disturbed its metabolic profile (Lu et al., 2014) . Moreover, previous studies have also demonstrated that presystemic metabolism of arsenic in the gut by gut bacteria changes the pattern of arsenic species and altered both the bioaccessibility and the toxicity of arsenic (Laird et al., 2007; Van de Wiele et al., 2010; Yin et al., 2015) . These results clearly indicate that complex interactions are occurring between arsenic and the gut microbiota. However, the effect of environmentally relevant levels of arsenic on the gut microbiome and its functional capacity largely remains unknown.
In this study, we investigated the effects of an environmentally relevant level (100 ppb) of arsenic on the mouse gut microbiome. We used 16S rRNA sequencing to monitor arsenicinduced alterations in the diversity and composition of the gut microbiome. In addition, we used metagenomics to determine which specific functional pathways in the gut microbiome are altered by arsenic exposure. Our results reveal the effects of arsenic not only on the components of the gut microbiota community but also on a diversity of bacterial functional pathways. These data provide important information that increases our understanding of the toxic effects of arsenic on the gut microbiome, especially at an environmentally relevant dose.
MATERIALS AND METHODS
Animals, arsenic exposure, and sample collection. Sodium arsenite was obtained from Fisher Scientific (Pittsburgh, Pennsylvania). Specific-pathogen-free grade C57BL/6 female mice (approximately 4 weeks old) were purchased from Jackson Laboratories (Bar Harbor, Maine), followed by fecal transplant using one mouse as the donor to normalize the gut microbiome. Moreover, the mice were switched among cages weekly for 4 weeks to further minimize individual differences of gut bacteria. The mice were then randomly divided into the control and 100 ppb groups (n ¼ 5/group). Sodium arsenite was administered to mice in drinking water at a concentration of 100 ppb (on the basis of arsenic) for a study period of 13 weeks. Fresh arsenic solutions were made twice per week. All of the mice were provided a purified rodent diet. We collected fecal pellets before and after 13 weeks of exposure. The mice were maintained in the University of North Carolina animal facility in static microisolator cages with Bed-O-Cob combination bedding under environmental conditions (22 C, 40%-70% humidity, and a 12:12 h light:dark cycle) throughout the experiment. All experiments were approved by the University of North Carolina on Animal Care. All mice were treated humanely as described in the approved animal protocol.
16S rRNA gene sequencing. DNA was isolated from fecal pellets using a PowerSoilV R DNA Isolation Kit according to instructions of the manufacturer (MO BIO Laboratories, California). DNA was amplified using universal primers (iTRU-A 515 F and iTRU-1 806 R) to target the V4 regions of bacterial 16S rRNA, as previously described (Lu et al., 2014) . Individual samples were barcoded, pooled to construct the sequencing library, and then sequenced (Illumina MiSeq) to generate pair-ended 250 Â 250 reads.
Analysis of 16S rRNA sequencing data. Pair-ended reads were analyzed using quantitative insights into microbial ecology (Caporaso et al., 2010) . Operational taxonomic units (OTUs) were annotated and classified. UCLUST was used to choose OTUs with a threshold of 97% sequence similarity. A representative set of sequences was selected from each OTU for taxonomic identification using the ribosomal database project (RDP) classifier. The latest Greengenes OTU reference sequences (97% sequence similarity) were used as the training sequences for RDP (Wang et al., 2007) . Our analyses were typically conducted at the genus level because it provided higher confidence in the assignment of taxa based on the sequencing reads.
Analysis of metagenomics data. DNA (10 ng/ll) was fragmented using a Bioruptor UCD-300 sonication device, Denville, New Jersey, and a sequencing library was then constructed using a Kapa Hyper Prep Kit, Wilmington, Massachusetts according to the manufacturer's instructions. The resulting DNA was pooled, quantified, and sequenced using an Illumina NextSeq High Output Flow Cell. Metagenomics sequencing data were analyzed using the MG-RAST (version 4.0) pipeline for further annotation and functional analyses (Meyer et al., 2008) . The entire set of raw fastq data have been deposited to the metagenomics RAST(Rapid Annotation using Subsystem Technology) server (http://metage nomics.anl.gov) with sample IDs mgs487184, mgs487190, mgs482399, mgs482378, mgs482372, mgs482375, mgs487175, mgs487172, mgs482408, and mgs482405. Sequences were assigned to the M5NR Subsystems database for functional analysis with a maximum e-value cutoff of 10
À5
, a 75% minimum identity cutoff, and a minimum alignment length cutoff of 35.
Statistical analysis. Multivariate statistical methods were used to compare gut microbiome communities between groups. Principal coordinate analysis (PCoA) was performed to examine intrinsic clusters within the observations with the b-diversity as the metrics. In addition, Jackknifed b-diversity and a hierarchical clustering analysis performed using the unweighted pair group method with arithmetic mean was used to differentiate the gut microbiome profiles of the control and arsenic-treated mice. The linear discriminant analysis (LDA) effect size (LEfSe) algorithm (http://huttenhower.sph.harvard.edu/galaxy/; last ac cess May 23, 2017) was used to identify the taxa that were present at different abundances between the control and arsenictreated groups (Segata et al., 2011) . LEfSe emphasizes both statistical significance and biological relevance. The effect size threshold of LDA was set to 2.0 in this study. DESeq2 (version 3.4) was used to calculate statistically significant changes in functional genes (Love et al., 2014) . A p value < .05 was considered indicative of a significant difference between 2 groups, which was assessed by the Benjamini-Hochberg correction to address false positive hits due to multiple comparisons.
RESULTS

Arsenic Exposure Altered the Alpha and Beta Diversities and Compositions of the Gut Microbiome
We first investigated whether an environmentally relevant level of arsenic would perturb the compositional profile of the gut microbiome. As shown in Figure 1A , unsupervised clustering by PCoA in UniFrac distance matrices indicated that the development trajectories of the gut microbiome were different between the controls and arsenic-exposed mice. The controls and arsenic-exposed mice were clustered together at the beginning but clearly separated from each other after 13 weeks of arsenic exposure. Following arsenic exposure, alpha diversity was markedly lower in the arsenic-exposed gut microbiome than in that of the controls ( Figure 1B ). There was no difference in alpha diversity between 2 groups before exposure to arsenic (Supplementary Figure 1) . LEfSe was used to identify the specific gut bacteria taxa that were distinctly different between 2 groups of animals. None of the taxa was significantly different between 2 groups before arsenic treatment (Supplementary Figure 2) . However, after 13 weeks of exposure to arsenic, numerous components of the gut microbiome were different between the controls and arsenic-exposed mice. At the phylum level, the prevalence of Firmicutes was significantly lower while that of Verrucomicrobia was increased in the treated animals ( Figure 1C ). As shown in Figures 1D and 1E , multiple genera were present in significantly lower abundances in the gut microbiome of arsenic-treated mice. These included Lactococcus, Ruminococcus (in family Lachnospiraceae), Coprococcus, Dorea, Oscillospira, Ruminococcus (in family Ruminococcaceae), and unassigned genera in the Peptostreptococcaceae, Lachnospiraceae, Clostridiaceae, and Ruminococcaceae families. In contrast, the genera Akkermansia, Bifidobacterium, and Anaerostipes were enriched in arsenicexposed animals. Taxonomic assignment and abundances of each gut bacterial components at different levels are listed in Supplementary Table 1 . Taken together, these results indicate that arsenic exposure significantly altered the diversity of the gut microbiome and perturbed its compositional profile.
Arsenic Exposure Altered Carbohydrate Metabolism Pathways and Significantly Reduced Genes Involved in SCFA Synthesis
Food fiber digestion/fermentation is major functions of gut bacteria that play essential roles in regulating host energy supplementation and metabolism (Nicholson et al., 2012; Tremaroli and B€ ackhed, 2012) . We therefore investigated whether arsenic exposure disturbs the normal metabolism of gut bacteria. All assessed metabolic pathways and bacterial genes are listed in Supplementary Table 2. Metagenomics data indicated that when exposed to arsenic, the gut microbiome had dramatically different carbohydrate metabolism than were observed in controls, as shown in Figure 2A . Specifically, we found that multiple genes known to be involved in pyruvate metabolism were altered in the arsenic-exposed gut microbiome ( Figure 2B ). Genes encoding D-serine dehydratase, D-malic enzyme, Nicotinamide adenine dinucleotide-dependent malic enzyme, pyruvate decarboxylase, pyruvate oxidase, and pyruvate:ferredoxin oxidoreductase were reduced. Pyruvate plays an important role in energy metabolism and can be fermented to form SCFAs (Cummings and Branch, 1986) . In agreement with the observed decrease in multiple pyruvate metabolism genes, the abundances of SCFA synthesis genes, such as acetate kinase and 3-hydroxy butyryl-CoA dehydrogenase, were present at significantly lower levels in the gut microbiome of arsenic-exposed mice, as shown in Figure 2C . In addition, we found that genes involved in the starch utilization system (Sus), including susB, susC, susD, and susR, had significantly higher abundances in the gut microbiome of arsenic-exposed mice ( Figure 2D ). The bacterial Sus system in the gastrointestinal tract efficiently senses, binds, absorbs, and digests complex glycans that cannot be directly utilized by the host (Foley et al., 2016) . The increase of Sus may be used to compensate the lack of energy production in arsenic-exposed gut microbiome. These data demonstrate that arsenic exposure substantially perturbed the carbohydrate metabolism and fermentation gene profiles of the gut microbiome in mice.
Bacterial Genes Involved in LPS Biosynthesis, the Stress Response, and DNA Repair Were Enriched by Arsenic Exposure In agreement with the observed arsenic-induced changes in the gut bacteria community, we found that the abundances of genes involved in bacterial cell well-synthesis were also altered. Specifically, we found that multiple genes involved in lipopolysaccharide (LPS) biosynthesis were enriched following arsenic exposure, as shown in Figure 3 . LPS mainly consists of lipid A, core polysaccharide, and O polysaccharide (Schromm et al., 2000) . First, genes in the Kdo2-lipid A biosynthesis pathway, such as lipid A permease protein MsbA, lipid A disaccharide synthase, UDP-3-O-[3-hydroxymyristoyl] glucosamine N-acyltransferase, and lipid A biosynthesis lauroyl acyltransferase ( Figure 3A) , had much higher abundances. Several genes involved in LPS core oligosaccharide biosynthesis, including UDP-galactose:(galactosyl) LPS alpha1,2-galactosyltransferase WaaW, adenosine diphosphate-heptose synthase, and phosphoheptose isomerase 2, were presented at significantly higher levels in treated mice ( Figure 3B ). In addition, we observed that genes related to LPS assembly, including lipoprotein releasing system D (LolD), LPS ABC transporter (LptB), and lipoprotein releasing system C (LolC), had significantly higher levels in the gut microbiome of arsenic-exposed mice, as shown in Figure 3C . LPS is known as an endotoxin and plays an important role in bacterial-driven host inflammation (Bruunsgaard et al., 1999) . Therefore, the substantial enrichment of these LPS biosynthesis genes may contribute to well-documented arsenic-induced systemic chronic inflammation in the host.
In addition, we found that the relative abundances of multiple oxidative stress response genes were higher in the gut microbiome of arsenic-treated mice. These included hydroxyacyl-glutathione hydrolase, alkyl hydroperoxide reductase subunit C, superoxide dismutase [Fe] , catalase, cytochrome c551 peroxidase, and peroxide stress regulator ( Figure 4A ). In addition to oxidative stress, a variety of other stress-related genes, including heat shock and phage shock genes such as the chaperone protein DnaJ, the heat shock protein GrpE, nucleoside 5-triphosphatase RdgB (2 0 -deoxy-N-6-hydroxylaminopurine triposphate, 2 0 -Deoxyinosine-5 0 -triphosphate, and Xanthine 5 0 -triphosphate-specific), and phage shock proteins A and E were also expressed at higher levels in treated mice (Figs. 4B Figure 1 . Arsenic exposure alters the diversity and community composition of the mouse gut microbiome. Principal coordinate analysis indicates that arsenic exposure disturbed the trajectories of gut microbiome development over 13 weeks (A); arsenic exposure reduced the alpha diversity of the gut microbiome (B); the bacteria phyla that were significantly altered by arsenic treatment (**p < .01) (C); the bacterial taxa that were differentially abundant in the controls and arsenic-exposed mice are illustrated using a cladogram that was generated from a linear discriminant analysis (LDA) effect size analysis (Red, taxa enriched in control mice; Green, taxa enriched in exposed mice) (D); and bacterial taxa analyzed in a LDA with a significant threshold over 2 (g_, genus; f_, family; o_, order; c_, class; and p_, phylum) (E). hydrate metabolism (A); bacterial genes related to pyruvate metabolism were disturbed by arsenic exposure (B); the levels of short-chain fatty acid synthesis genes were reduced by arsenic exposure (C); and bacterial genes in the starch utilization system were enriched in the gut microbiome of arsenic-exposed mice (D) (*p < .05, **p < .01, ***p < .001).
and 4C). Heat shock proteins are induced by many types of stress conditions, including heat, heavy metals, and pesticides, during which they function as molecular chaperones to assist folding of proteins and prevent the aggregation of misfolded proteins (Gupta et al., 2010) . Likewise, phage shock proteins, major stress response proteins in bacteria, can be induced by a variety of extracytoplasmic stresses and play essential roles in bacterial survival (Darwin, 2005) . Oxidative stress generally causes DNA damage. Indeed, we observed that many bacterial DNA repair genes, such as endonuclease (III), single-stranded-DNA-specific exonuclease RecJ, DNA repair protein RecN, and G:T/U mismatch-specific uracil/thymine DNA-glycosylase, increased in the gut microbiome of treated mice ( Figure 4D ). The enrichment of both stress response genes and DNA repair genes may indicate that arsenic exposure induces multiple stresses and causes DNA damage in the mouse gut microbiome.
Arsenic Exposure Increased the Levels of Vitamin Biosynthesis Genes in the Mouse Gut Microbiome
In addition to carbohydrate metabolism and stress response genes, we also observed that vitamin biosynthesis genes were also increased in the arsenic-exposed gut microbiome ( Figure 5 ). First, we observed an increase in folic acid synthesis genes, including thymidylate synthase, 5,10-methyl-enetetrahydrofolate reductase, methylenetetrahydrofolate dehydrogenase (NADPþ), folylpolyglutamate synthase, and dihydropteridine reductase ( Figure 5A ). Folic acid is a B-type vitamin that functions as an important methyl donor (Niculescu and Zeisel, 2002) . In addition, the levels of genes required for the synthesis of other Btype vitamins, such as vitamin B6, riboflavin, and thiamin, were also consistently higher in arsenic-treated mice, as shown in Figures 5B, 5C , and 5E, respectively. Additionally, genes required for the synthesis of vitamin B12 were disturbed by arsenic exposure ( Figure 5D ). Bacterial genes, such as CobT, outer membrane vitamin B12 receptor BtuB, and cobalamin synthase, were also present at higher levels in the gut microbiome of arsenicexposed mice. Moreover, genes involved in vitamin K2 (menaquinone) biosynthesis were also largely increased in the gut microbiome of arsenic-treated mice, as shown in Figure 5F . Increased abundances of bacterial vitamin biosynthesis genes may protect the gut microbiome against arsenic-induced stress and facilitate arsenic detoxification.
Multidrug Resistance Genes and Conjugative Transposon Protein Genes Were Highly Enriched in the Gut Microbiome Following Exposure to Arsenic
We next investigated whether arsenic exposure would increase heavy metal resistance in the gut microbiome. As shown in Figure 6A, we were surprised to find that the abundances of the genes for arsenate reductase and the arsenical-resistance protein ACR3 were significantly lower following exposure to arsenic. Arsenate reductase can transform arsenate As(V) to arsenite As(III), and ACR3 is a plasma membrane protein that functions as an arsenite efflux transporter (Wysocki and Bobrowicz, 1997) . Both proteins play important roles in arsenite resistance in multiple types of bacteria, including Campylobacter jejuni and Saccharomyces cerevisiae (Ułaszewski, 1997; Wysocki and Bobrowicz, 1997) . In contrast, some Co/Zn/Cd resistance genes were increased in the gut microbiome of arsenic-treated mice, and these included Co/Zn/Cd efflux system membrane fusion protein, the cation efflux system protein CusA, Co/Zn/Cd resistance protein, and Co/Zn/Cd heavy metal Resistance Nodulation Division (RND) efflux outer membrane protein (CzcC family), as shown in Figure 6B . In addition, we found that the abundances of numerous genes associated with drug and antibiotic resistance were also altered by arsenic exposure (Figure 7) . First, genes encoding beta-lactamase, including beta-lactamase, beta-lactamase (class C), and metal-dependent hydrolases of the betalactamase superfamily I ( Figure 7B ), were increased in the gut microbiome of arsenic-treated mice. Moreover, the gene encoding the beta-lactamase repressor BlaI was reduced ( Figure 7B ). Beta-lactamase helps bacteria resist beta-lactam-based antibiotics such as penicillins and cephamycins (Minami et al., 1980) . Moreover, the abundances of multidrug resistance-associated genes were also generally increased by arsenic exposure. As shown in Figure 7A , the multidrug genes that were significantly increased mainly encoded efflux pumps, the multidrug efflux transporter MexF, the membrane fusion protein of the RND family multidrug efflux pump, RND efflux systems CmeB, a probable RND efflux membrane fusion protein, and an ABC transporter multidrug efflux pump. Moreover, numerous genes that encode conjugative transposon proteins, which facilitate horizontal gene transfer between bacteria (Salyers et al., 1995) , were broadly and consistently increased in the gut microbiome of arsenic-exposed mice. These included TraN, TraI, TraJ, TraG, TraK, TraE, TraM, TraQ, and TraO ( Figure 7C ). The substantial increases in these drug resistance-associated and conjugative transposon protein genes suggest that arsenic exposure may cause a high frequency of horizontal gene transfer and improves resistance to antibiotics in mouse gut bacteria.
DISCUSSION
The results of our current study clearly demonstrate that an environmentally relevant level of arsenic perturbs the normal gut microbiome in mice. These findings are consistent with those reported in our previous studies that used high concentrations of arsenic for exposure (Chi et al., 2016) . Exposure to arsenic significantly decreased alpha diversity (observed otus) in the gut microbiome, indicating that the richness of bacteria was lower ( Figure 1B) . The perturbations in the bacterial community could substantially disturb the normal functions of the gut microbiome (Kashyap et al., 2013) . Indeed, we observed broad alterations in carbohydrate metabolism pathways (Figure 2) . Specifically, we found that genes involved in pyruvate metabolism and the biosynthesis of SCFAs (ie, butyrate and acetate) were present at lower levels after exposure to arsenic (Figs. 2B  and 2C ). SCFAs play important roles in multiple physiological processes in the host. For example, butyrate is an important energy source for intestinal epithelial cells that plays roles in the maintenance of colonic homeostasis and the inhibition of inflammation, whereas acetate modifies colonic pH and regulates appetite via the gut-brain axis (Frost et al., 2014; Hague et al., 1997; Nicholson et al., 2012; S€ aemann et al., 2000) . Therefore, a decrease in SCFA synthesis may disturb normal gut-host metabolic interactions. Members of Firmicutes, such as Coprococcus, are the main sources of SCFAs (Nicholson et al., 2012) . In this study, Firmicutes was significantly reduced in arsenic-exposed mice ( Figure 1C ), and this decrease might have been responsible for the decrease observed in genes involved in SCFA synthesis. Taken together, these data demonstrate that arsenic-induced perturbations in the community structure of the gut microbiome could alter the repertoire of functional genes, and these changes might influence host metabolism.
Numerous previous studies have found that arsenic induces oxidative stress and causes DNA damage (Flora, 2011; Jomova et al., 2011; Kitchin and Ahmad, 2003) . For example, under physiological conditions, the oxidation of As(III)-As(V) generates H 2 O 2 , which is further transformed into highly Reactive Oxygen Species, such as
• OH (Flora, 2011) . In this study, we observed that oxidative stress response genes and DNA repair genes were strongly enriched in the gut microbiome of arsenic-treated mice (Figure 4) . Likewise, the increases observed in heat shock and phage shock genes (Figs. 4B and 4C) may also indicate that the gut microbiota is exposed to stress during arsenic treatment. Given the importance of these stress and response mechanisms in normal cellular functions, they may, at least, partially contribute to arsenic effects on disrupting the gut microbiome community structure and functions.
Interesting, we observed that multiple vitamin biosynthesis genes were increased by arsenic treatment ( Figure 5 ). As mentioned earlier, inducing oxidative stress is a main characteristic of arsenic toxicity, and a significant increase was observed in the expression of multiple oxidative stress response genes in this study. Vitamins B6, B12, and K2 function as antioxidants (Anand, 2005; Birch et al., 2009; Ianniello et al., 2015) . For example, in rats, vitamin B6 protected the liver from chromiuminduced oxidative stress, and menaquinone supplementation promoted survival in Lactobacillus casei strains exposed to oxidative stress (Anand, 2005; Ianniello et al., 2015) . In addition, genes involved in the synthesis of thiamin, a sulfur-containing vitamin that has been used to eliminate heavy metals such as lead and cadmium, (Swarup and Upadhyay, 1991; Udita et al., 1998) were also increased in arsenic-treated mice. Previous studies have shown that thiamin supplementation significantly reduced the concentration of arsenic in the liver and kidney of arsenic-exposed mice and exerted a beneficial effect by reducing arsenic-induced oxidative stress (Nandi et al., 2005) . Folic acid is an important methyl donor in mammals, and folate has been shown to play a role in arsenic methylation. An oral supplement of folate increased arsenic methylation via a detoxifying process (Chen et al., 2007; Gamble et al., 2005 Gamble et al., , 2006 . The increases observed following exposure to arsenic in the genes required to synthesize these vitamins may represent a protective mechanism performed by the gut microbiota against arsenic-induced toxicity. Moreover, previous studies have demonstrated that the gut microbiota is an important source of vitamins for the host and that Bifidobacterium is a main supplier of vitamins (Koenig et al., 2011; LeBlanc et al., 2013) . Because vitamins exert a protective role against arsenic exposure, enriching Bifidobacterium and similar vitamin producers or increasing the expression of genes involved in vitamin synthesis in the gut microbiome may serve as a novel strategy to confer beneficial effects against the toxic effects of arsenic on host cells. Surprisingly, arsenic exposure did not enrich genes associated with arsenic resistance ( Figure 6A ). Previously studies report that arsenic resistance genes were increased in bacteria isolated from arsenic contaminated soils (Cai et al., 2009; Luo et al., 2014) . The inconsistency may come from different exposure scenarios. Long-term exposure of arsenic in natural environment may exert pressure to selectively boost the growth of arsenic-resistant bacteria. In addition, as we show in Figure 1 , arsenic exposure reduced the relative abundance of a number of bacterial components, which could lead to reduced overall abundances of arsenic resistance genes. Moreover, we only assessed the abundances of genes, which does not reflect the expression levels of these arsenic resistance genes. Nevertheless, in contrast, genes associated with cobalt/zinc/ cadmium resistance and multidrug export were significantly increased by arsenic exposure (Figs. 6B and 7A ). Multidrug efflux pumps are responsible for exporting xenobiotics, such as toxic substances and antibiotics, out of bacteria (Grinius and Goldberg, 1994; Nikaido, 2009) . Previous studies have shown that multidrug efflux pumps are responsible for arsenic output in human cells (Lee et al., 2006; Liu et al., 2001) . It is unclear whether these genes also help export arsenic in bacteria. Another interesting phenomenon was the broad enrichment of many genes that produce conjugative proteins. These genes are involved in horizontal gene transfer between different bacteria, which is one of the most important mechanisms by which antibiotic resistance spreads (Salyers et al., 1995) . This finding is supported by the substantial increase observed in lactamase and multidrug resistance genes (Figs. 7A and 7B) . Hence, although the potential mechanism for this effect remains unclear, our data suggest that arsenic exposure may activate horizontal gene transfer and increase the abundance of antibiotic resistance genes in the mouse gut microbiome. Figure 6 . The abundances of arsenic resistance-related genes were reduced in the gut microbiome of arsenic-treated mice (A); the abundances of cobalt, zinc, and cadmium resistance genes were increased in the gut microbiome of arsenic-treated mice (B) (**p < .01, ***p < .001).
In conclusion, we demonstrate that an environmentally relevant level of arsenic exposure (100 ppb) can perturb the normal community composition and functional pathways in the mouse gut microbiome. The patterns of energy metabolism genes were altered, and genes involved in LPS synthesis, oxidative stress responses, and DNA repair were broadly increased. In addition, arsenic exposure also enriched genes that encode conjugative transposon proteins, components of the multidrug efflux system, and the synthesis of multiple vitamins. These results may provide new understanding of the effects of arsenic on the gut microbiome, especially at environmentally relevant doses. Because the focus of this study is to characterize the effects of arsenic on the gut microbiome, our future directions will investigate how the arsenicinduced perturbation of the gut microbiome influences host health. What are the molecular mechanisms underlying the arsenic-microbiome-host cross talk? Which key metabolic signaling molecules are altered by arsenic? It would be also highly informative to explore the role of the gut microbiome in affecting arsenic metabolism and tissue burdens in the host. 
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